In this work, we attempted to gain insight into the detailed mechanism allowing correct transcription initiation of U1 snRNA genes by RNA polymerase II. Abolition of the CA motif residing at -1/+1 in the Xenopus U1 gene leads to a loss of the ability of the promoter to direct accurate initiation. A discrete site is selected only if a purine preceded by a pyrimidine is positioned at 58/57 bp downstream of the center of the PSE. The PSE alone is unable to designate a discrete initiation site. Rather, it serves to set the location of an initiation window without discriminating suitable from unsuitable initiation sites. The latter role is devoted to a PyPu sequence positioned at -1/ +1. Therefore, it is the concomitant action of the PSE and an essential PyPu positioned at the proper distance from this promoter that specifies correct U1 snRNA transcription initiation by RNA polymerase II.
INTRODUCTION
Small nuclear RNAs are essential components of the small nuclear ribonucleoprotein particles involved in the splicing of mRNA precursors (reviewed in reference 1). Ul, U2, U4 and U5 snRNAs are transcribed by RNA polymerase n (2). In vertebrates, two cis-elements contribute to the ubiquitous expression of snRNAs, a distal sequence element (DSE) and a proximal sequence element (PSE). The current view of snRNA gene transcription is that their promoters direct the formation of a specialized transcription complex, distinct from that formed on protein coding genes (3) (4) (5) (6) (7) . The DSE is positioned in the 220-250 bp region upstream of the transcriptional start point and contains the obligatory octamer motif ATGCAAAT. The DSE is required for stabilization of the transcription complex and is similar to, but not interchangeable with, enhancers of protein coding genes (8, 9 for review). The PSE is centered at about -60 and is essential for transcription through its participation in the formation of a stable transcription complex (5, (10) (11) (12) . In spite of this essential role, the sequence of the PSE motif has diverged in different species (compilation in reference 8).
Experimental, although indirect, evidence attribute to the PSE the role devoted to the TATA box of mRNA genes in initiation of transcription (10, (13) (14) (15) . However, the mechanism which enables the PSE, a motif which totally differs in sequence from the TATA box, to determine with accuracy the start point about 60 bp downstream is largely unknown. In a previous work (16) , we have shown that by moving the PSE upstream of its normal position in a Ul snRNA gene promoter converted to RNA polymerase HI specificity, new starts of transcription appeared accordingly upstream of the wild-type start site. Not all of them corresponded to the distance (relative to the new PSE positions) that would have been expected if the PSE alone was sufficient to accurately define the initiation site. This observation prompted us to analyze the precise role of the PSE and to seek other element(s) that might work in concert with the PSE to initiate snRNA transcription. We show here that the PSE is required but not sufficient to accurately determine Ul snRNA transcription initiation. A CA dinucleotide located at 58/57 bp downstream of the central CC of the Xenopus Ul PSE constitutes the additional motif which is demanded for initiation of transcription only at the purine base at +1.
MATERIALS AND METHODS
DNA constructs and mutagenesis Site-directed mutagenesis was performed with the in vitro kit from Amersham on the LI construct from (16) which is the X.laevis U1B2 gene (17, 18) subcloned into pBluescribe (-) (Stratagene). This construct carrying the wild-type Ul gene is renamed here Ulwt. The Ul minigene templates carrying mutations spanning the start site and used for primer extension analysis were constructed by replacing the 428 bp EcoRI/BclI fragment of the Ul minigene (19) by those carrying mutations in the Ul fulllength mutants.
Oocyte injection X.laevis oocyte nuclei were microinjected with 20nl of DNA at a total concentration of 600 /tg/ml (300 /tg/ml of template DNA, made up to 600 /tg/ml with pUC 19 vector DNA). In coinjection experiments, the Ulwt (or mutant DNAs) and the Ul minigene were coinjected each at a concentration of 300 /ig/ml. In all cases, 5S maxigene DNA was injected at 5 /tg/ml as an internal standard for microinjection and RNA recovery, (a-32 ?) GTP (0.3 /iCi per oocyte, 400 Ci/mmol, Amersham) was included in the DNA mixture. RNA extraction was performed as in (19) . Transcription efficiencies were normalized relative to 5S maxi transcription by densitometric recording of non-saturating autoradiographies. 5 end RNA mapping by primer extension DNA templates were microinjected into X.laevis oocyte nuclei at 600 /ig/ml in the absence of the labeled precursor and the RNA extracted as above. The 14-mer oligonucleotide (complementary to positions 124-137 of the Ul coding sequence) was 5'-end labeled with (y-32 ?) ATP and used as the primer. 2.5 10 6 cpm of the labeled primer was added to the RNA arising from one oocyte equivalent. The mixture (7.5 /il) was hybridized at 65°C for 3 min and allowed to cool down slowly to 42°C. Each dNTP was added to a 700 /xM final concentration, in a 10 /xl final volume containing 30 units of MMLV reverse transcriptase (Superscript, BRL). Incubation was for 30 min at 37 °C and the primer extension products were fractionated by electrophoresis on 6% sequencing gels.
RESULTS
The PSE alone is not sufficient to accurately select the transcriptional start site To investigate the role of the PSE in selecting the proper start site in Pol II snRNA gene transcription, we incremented in the Xenopus Ulwt promoter die distance between the PSE and the normal start site by inserting 2 to 14 bp between positions -44 and -43. The resulting spacing mutants are termed PSE(+2), PSE(-l-4), PSE(+6), PSE(+9) and PSE(+14), the figure in parenthesis standing for the number of base-pairs inserted. The effect of moving the PSE was tested by injection of the spacing mutants into Xenopus oocyte nuclei and the results are shown in Figure 1A . PSE<+2) produces a transcript (band I in lane 2) whose intensity and electrophoretic mobility are identical to those of Ulwt. PSE(+4) generates two types of transcripts (bands I and II in lane 3). One of them, band I, migrates at the level of Ulwt or PSE(+2) but represents only 2% of the Ulwt intensity. The product of band II is slightly larger than that contained in band I and its intensity is 25% that of Ul wt. PSE(+6) and PSE(+9) both give rise to a single product (band HI in lanes 4 and 5) which has the same mobility in both lanes. The intensities in bands HI, normalized to 5S maxi, are similar and represent 25% of the intensity measured in Ulwt. The PSE(+14) spacing mutant (lane 6) yields a single product with the lowest electrophoretic mobility (band IV). The intensity of the transcript is here only reduced by a factor 2 as compared to Ulwt.
The decreased level in the intensities of the bands contained in lanes 3 to 6 could be due to either a drop in transcription efficiency or to instability of the elongated transcripts. To distinguish between these possibilities, a competitive assay was introduced which measures the stability of the transcription complex. The competitor is here a Ul minigene which retains die wt promoter but carries a coding region deletion that allows it to be distinguished from the U1 transcripts arising from the mutant templates. Transcription factors will exchange between both templates and only diose that bind stably to the DNA will lead to efficient transcription. If me transcription complex formed on templates PSE(+4) to PSE(+14) is unstable, then transcription should be decreased or abolished whereas it should not be affected if instability of die RNA molecules accounts for the diminished intensity of the bands. The coinjection experiments shown in Figure 1A , lanes 7 to 12, revealed first diat die only template able to stand competition is PSE(+14) in lane 12. In Template activities of these spacing mutants were assayed by injection into Xenopus oocyte nuclei in the presence of a-32 P GTP and 5S maxigene as an internal control (see Materials and Methods). Transcripts were analysed by electrophoresis on 10% sequencing gels. Ul marks the position of the wild-type Ul transcript, 5S maxi that of the 5S maxigene. In lanes 7-12, transcription was performed in the presence of the Xenopus Ul minigene competitor (+U1 mini). Ul mini indicates the position of the transcript arising from this competitor template. Bands I to IV correspond to wild-type (I) or elongated Ul transcripts (U-IV) discussed in the text. (B) Mapping of die 5' ends of the transcripts produced by the PSE spacing mutants described in (A). The templates were injected into Xenopus oocyte nuclei, the RNA extracted and subsequently primer extended as described in Materials and Methods with a 32 P 5'-end labeled oligodeoxynucleotide (14-mer) complementary to positions 124-137 of the Ul coding sequence. Analysis was carried out on 6% sequencing gels. A, G, C, T correspond to dideoxy sequencing performed on the Xenopus Ulwt DNA template with the same 14-mer as the primer, dATP a-33 S as the label and T7 DNA polymerase. The sequence displayed corresponds directly to the U1 RNA sense. Lane 1 (Ul endo) corresponds to the primer extension of the endogenous U1 snRNA contained in the Xenopus oocyte (no injection). The primer extension product of U1 wt (marked Ulwt or I) comigrates with Ul endo in lanes 2-7. Bands rj-IV in lanes 4-7 correspond to the 5' elongated Ul transcripts as in (A). Lane 8 shows the position of the primer extension product of the U1 mini transcript the template of which served to perform the same PSE(+2), lane 9 and PSE(+4), lane 10, spacing mutations. Ul endo marks the position of the Ul endo extension product in these experiments. The same 14-mer was used in lanes 8-10. (C) Positions on the Xenopus Ul gene sequence of the 5' extended products mapped in (B). Arrows indicate the 5' end points, the smaller one standing for a minor start. Asterisks denote the nucleotide found at a distance from the PSE equal to the wt PSE/stan site distance.
this case, intensity of band IV is still 50% that of Ulwt in lane 1 and therefore remains constant whatever the injection conditions (compare lanes 6 and 12). From this, we conclude that moving the PSE 4 bp, 6bp and 9bp upstream of its normal position led to unstable transcription complexes, showing that the diminished intensities observed in lanes 3 to 6 are essentially due to unstable transcription complexes. Of course, effects of the mutations on both transcription complex and RNA stabilities could be combined but, since the transcription efficiency is already severely altered, possible effects on the RNA stability were not studied. In contrast, the transcription complex made on the PSE(+14) mutant is stable despite the new upstream PSE position. That the intensity of band IV already dropped to 50% in absence of competitor (lane 6) but remained constant under competitive conditions (lane 12) could be accounted for by instability of the elongated Ul transcript. Interestingly, a small increment of 2 bp in PSE(+2) severely reduces, but not completely abolishes, transcription under competitive conditions (compare lane 8 with lane 7).
As moving the PSE would most likely result in 5' elongated RNAs accounting for the observed larger products, a primer extension analysis was performed to determine the new initiation positions ( Figure IB ; summarized in Figure 1C ). PSE(+4) initiates at A -5 (band II in lane 4), PSE(+6) and PSE(+9) both initiate at A -8 (band in in lanes 5 and 6) and PSE(+14) at G -14 (band IV in lane 7). This analysis correlates well with the transcriptional experiments of Figure 1A . PSE(+2) in lane 3, however, poses a problem since inspection of lanes 1 (endogenous Ul snRNA) and 3 leads to the conclusion that reverse transcripts arising from PSE(+2) might comigrate with band I corresponding to initiation of endogenous U1 and therefore could have escaped detection. To avoid this endogenous Ul background, the analysis was performed using a different construct in which the various mutant promoters initiated transcription of the Ul minigene which carries a coding region deletion between positions 57-70 (19) . The transcripts were extended with the same oligo which was used for the full-size Ul mutant transcripts. As it is complementary to positions 124-137 of the Ul coding sequence, i.e. downstream of the deletion giving rise to the Ul minigene, the reverse transcripts are therefore shorter than those arising from a full-length Ul coding region. Analysis of the 5' end points with the Ul minigene was performed for all the mutants but only that of PSE(+2) and PSE(+4) is shown in lanes 9 and 10, respectively. It is now clear that PSE(+2) still uses the wt start site (lane 9) while transcription in the PSE(+4) mutant is initiated at both the wt start site and position A-5 (bands I and II, respectively in lane 10). No additional start sites, other than those shown in lanes 5-7, were detected in the case of PSE(+6), PSE(+9) and PSE(+14), inferring they do not initiate at the wt start site. Figure 1C leads to the following conclusion. If distance from the PSE were the only element necessary to fix correct initiation, then transcription should start at the nucleotides marked by the asterisk which maps for each mutant the wt distance from the new PSE position. This is only verified for the PSE(+14) mutant whose initiation starts at G-14. In the other mutants, the initiation positions are constituted by surrounding A residues. In all cases the initiation positions are constituted by purines preceded by a cytosine as in Ul wt. A-7 and A-4, which are not preceded by a cytosine, are never selected. In addition, it looks as if there is a preference for certain CAs, since we expected A-5 to be selected in PSE( + 6) and, instead, transcription started at A-8. To test the importance of the CA dinucleotide at -1/+1 of Ulwt in accurately selecting die start of transcription, we performed the following experiments.
Interpretation of
A pyrimidine-purine dinucleotide at -1/+1 Is required to prevent stuttering of initiation around position +1 Single point mutations were introduced into the Ulwt construct at positions -1 or +1. These changed A +1 to C or G and C-l to A, T or G, giving rise to the constructs depicted in Figure 2A . Their template activity was assayed by oocyte microinjection. Whatever their nature, the nucleotide changes did not affect the transcription level of the corresponding templates, either injected alone or under stringent competitive conditions with a Ul competitor (not shown). Thus, changing separately die identity of the bases at -1 or +1 in the Ulwt context does not inhibit the formation of a stable transcription complex. As this does not mean that transcripts initiated from these single point mutants start at the correct wt position, 5' end analysis was performed by primer extension ( Figure 2B ). Figure 2A summarizes the results obtained from a combination of those shown in Figure 2B and those (not shown) using the Ul minigene to avoid superimposition of endogenous U1 background at position +1. The A to G at + 1 or C to T at -1 transitions did not alter die position of the start site which still remains at +1. In contrast, when the effects of the A to C at +1 or C to A or G at -1 transversions are examined, initiation at the wt position is still detected in all tiiree cases. It is, however, accompanied by new additional start points at +3 or -1 which are always purines preceded by pyrimidines. The transversion experiments which destroyed the PyPu alternation at -1/+1 showed the importance of this motif for selecting the +1 start site: in U1A(-1), U1G(-1) and U1C(+1) constructs, alternate PyPu motifs located in the immediate vicinity of the wt start site and either occurring naturally or created by the transversions are simultaneously chosen, in addition to the wt position. This stuttering is not observed in the wt or U1T(-1) and U1G(+1) constructs which possess the PyPu dinucleotide at -1/ +1. To actually demonstrate that stuttering is due to the absence of a PyPu motif at -1 / +1 and not to initiation at fortuitously adjacent PyPu sequences, templates deprived of this motif were constructed ( Figure 3A) . In one of these, Py(-4,+6), the wt sequence between -7 and +5 was substituted in order to avoid the occurrence of any PyPu motif and this yields a pyrimidine-rich sequence between -4 and +6. Likewise, in Pu(-5,+2), the wt sequence between -3 and +3 was substituted, giving rise to a mutant carrying a purine-rich sequence between -5 and +2. In a preliminary experiment, the template activities of these two mutants were assayed by oocyte injection ( Figure 3B ). Py ( is reduced by a factor 2 compared to Ulwt (compare lanes 2 and 4). In the more stringent assay which consists in adding a competitor, both Py(-4,+6) and Pu(-5,+2) transcriptions are impaired (compare lanes 5 and 6 with lane 8 in which Ulwt is able to compete under the same conditions). The 5' ends of the transcripts initiated at the Py(-4,+6) and Pu(-5,+2) promoters were identified with a primer extension experiment, again using the U1 minigene as the coding region ( Figure 3C , results summarized in Figure 3A) . Note that given the absence of an internal control, these and subsequent primer extension experiments are qualitative and should not therefore be compared horizontally. Transcriptional start sites at positions +1 and +2, regardless of the nucleotide identity, are detected in both cases (lanes 1 and 2 in Figure 3Q . The status of the band migrating at the level of -1 is unclear since it was also found with the endogenous Ul snRNA (lane 5) which argues that it most likely represents a degradation product of this RNA species. However, initiation at this position cannot be excluded either.
We conclude from these experiments that in absence of a PyPu motif at -1/+1, selection of a discrete initiation site is precluded and there is instead stuttering around this position.
A restricted positional flexibility is allowed to the PyPu motif
We next asked whether the PyPu (-1/+1) motif possesses a positional flexibility. To answer this question, the converse of the PSE moving experiment was carried out. In the Py(-4, +6) construct which harbors a PSE in the wt position, PyPu motifs were successively introduced at positions -6/-5, -31-2, -1/+1, +1/+2 and +2/ + 3. Only the CA sequence is represented in Figure 4A since all the other CG, TA or TG combinations which were also tested at -61 -5, -11-2 and -1/+1 gave results identical to those obtained with the CA sequence (not shown). Analysis of the 5' ends of the transcripts is shown in Figure 4B , except that of PyCA(-l/+l) which reproduces the reverse transcription pattern of Ul wt. The Ul minigene was also the template in this study. Figure 4A Figure 4A ). Here too the mutants were engineered in the Ul minigene. Symbols are as in Figure 4B .
and/or C+2 which already appeared in Py(-4,+6) , new start sites at the introduced As. PyCA(-1/ +1), as mentioned above, produces a unique start at A+1. Unlike the other mutants, PyC-A(-6/-5) does not lead to an additional initiation at A-5 which is ignored. With the PyCA(+1/ +2) mutant, initiation is no longer observed at C + l but instead, a unique, significant site occurs at A+2. We cannot provide an explanation for the minor starts at T + 3 and T+4 in PyCA(+l/+2) and PyCA(+2/ + 3), respectively. Worthnoting is the dominance of initiation at A in contructs PyCA(-3/-2) to PyCA(+l/ + 2) and the corresponding weakness of the start at C+1. In PyCA(+2/ + 3) in which CA is positioned downstream of the +1 position, a weak start at C+1 is restored. In a similar experiment we introduced into Pu(-5, +2) a point mutation which changed A +1 to C +1, yielding construct PuCG(+1/+2) which now carries a CG motif at +1/+2 ( Figure 3A) . Although unable to form a stable transcription complex ( Figure 3B, lanes 3 and 7) , just as its parental construct, it nevertheless leads to an RNA initiated only at G+2 ( Figure 3C , lane 3 and Figure 3A ). Figure 1C shows that CA motifs could be selected while they did not all correspond to the position dictated by the distance from the PSE. Combined with the results of Figures 2A and 4A , this suggests that in order to be selected the CA motif must reside within a window, consistent with the fact that in U1C(+1), UlA(-l), UlG(-l) and PyCA(-6/-5), A-5 was ignored. The PyCA(-3/-2) and PyCA(+2/+3) constructs lead to initiation at A-2 and A+3, respectively but also to a persistence of the initiation at the wt start point. In contrast, constructs PyC-A(+1/+2) and PuCG(+1/+2) initiate uniquely at position +2 where the purine was introduced. This would mean that a single initiation takes place only if a purine is positioned at the proper distance from the PSE. This was demonstrated by performing the following experiment. In PyCA(-3/-2), the PSE was moved 2bp upstream of the wt position it previously occupied ( Figure 4A) . Therefore, the PSE/start site distance is equal to the wt one. The 5' end point analysis is shown in Figure 5 . As anticipated, comparison of lanes 3 and 4 shows that the new PSE position induces abolition of stuttering at C +1 and C+2 and leads to selection of one single start site at A-2 (summarized in Figure 4A ).
While positional flexibility is allowed to the PyPu motif located within the window without altering its selection mode, the distance separating the Ul snRNA PSE from the essential PyPu at -1/+1 is one major structural determinant leading to the unique start site utilized in Ul snRNA transcription initiation.
DISCUSSION
The post-transcriptional steps in the biosynthesis of snRNAs are characterized by absence of 5' processing since the start of transcription of the gene coincides with the 5' end of the RNA. Therefore, there is an acute demand for accurate transcription initiation. A few attempts have been carried out earlier by other groups in order to elucidate this mechanism. This was done by examining the effects of deleting or inserting sequences between the PSE and the normal start site in the human Ul (10, 14) and Xenopus U2 (13, 15) genes. As a result, new start sites appeared the position of which approximately corresponded to the wildtype PSE/start site distance. Interpretation of these data led to the tacit acceptance that the PSE acts as a selector for the correct snRNA initiation site by measuring about 60 base pairs downstream, in much the same way as the TATA element was generally thought to work for defining mRNA initiation sites about 30 bp downstream.
The work described here was primarily aimed at investigating in detail the precise nature of the contribution of the PSE to in vivo transcription initiation. The use of spacing mutants between the PSE and the start site in a Xenopus U1 gene resulted in the appearance of new starts upstream of the wt one. In most cases, these did not correspond to the wt PSE/start site distance but all consisted in RNAs initiated at a purine preceded by a cytosine. We have abolished the alternation in the wild-type Ul gene and this leads to a loss of the accuracy of transcription initiation. The key for obtaining a unique start site at the correct position is that a purine preceded by a pyrimidine must be properly positioned downstream of the PSE. Our data clearly establish that the PSE alone is unable to allow precise initiation and clarify the respective roles played by the PSE and the sequence at the start site. In this casting, the PSE role is likely to set the location of an initiation window. It is of prime importance, however, to bear in mind that the PSE is unable to discriminate suitable from unsuitable initiation sites. This is achieved by the occurrence of the second actor, the PyPu sequence, at position -1 / +1. In the absence of this motif within the area identified by the PSE, clustered but not unique starts are selected, leading to the stuttering of initiation. This correlates well with a compilation of U snRNA start site sequences which shows that position -1 is always occupied by a pyrimidine and A is found at +1 in almost all of the examples (20) .
Our view of how the correct start site is selected fits well the experimental data but a point which deserves discussion concerns the PSE(+4) and PSE(+6) spacing mutants of Figure 1C . Originally, we expected PSE(+4) and PSE(+6) to produce starts at A-4 and C-6, respectively on the simple basis of a conservation of the PSE/wt start site distance. In fact, PSE(+4) produced one minor start at A+ 1 and a major one at A-5, PSE(+6) only one start at A-8. A-5 is presumably selected because it follows a pyrimidine whereas A-4 does not. The surprise arises from the PSE( + 6) mutant in which A-5 is ignored although it follows the C-6 pyrimidine. Instead, initiation occurs at A-8 which is the purine of the nearest CA neighbor. Inspection of the CA start points in Ulwt, PSE(+2), PSE(+6), PSE(+9) and PSE( +14) shows that initiation occurs at CA motifs preceded by a stretch of pyrimidines. One interpretation to explain that CA(-6/ -5) is not selected in PSE(+6) might be that this particular CA does not follow a stretch of pyrimidines. In contrast, CA(-6/-5) is accepted in PSE(+4) because it would lie at a permissive distance from the PSE. In the latter case the start is not unique because of the influence of the wt CA. Therefore, it seems that not all CAs are equivalent at initiating transcription and that a choice is established which might be governed by the context in which the CA resides.
The independence of Ul transcription efficiency upon the nature of the nucleotide at +1 remains intriguing if one considers the Xenopus U2 (12) or even the Xenopus U6 gene (21) although it is transcribed by RNA polymerase HI. In both cases, a transversion at the normal start site induces a loss of transcription efficiency and accuracy. More surprising is the observation that the other eucaryotic example showing strong dependence on the initiation site for accuracy, but not for promoter efficiency, is provided by yeast. To our knowledge, the most recent and documented study was published in (22) in which 191 yeast mRNA initiation sites were surveyed. The authors derived a consensus for the preferred initiation sequence which reads PyA A / T Pu (positions -1 to +3). Interestingly, it fits the Ul gene sequence spanning the same positions and is a very close match to the PyAT A / c consensus derived from the same positions of snRNA genes (20) . The sequence at the start site of the Xenopus U1 gene is also very similar to the sequence C-TCATTCT (A occupying position +1) of the initiator element (InR) of the TdT gene (23) . It would be interesting to know whether TFII-I, the transcription factor which binds specifically to InR elements (24) also binds to snRNA gene start sites.
